Purpose: Dual-energy x-ray absorptiometry (DXA) is used in clinical routine to provide a twodimensional (2D) analysis of the bone mineral density (BMD). 3D reconstruction methods from 2D DXA images could improve the BMD analysis. To find the optimal configuration that should be used in clinical routine, this paper relies on a 3D reconstruction method from DXA images to compare the accuracy that can be obtained from one single-view and from multiview DXA images (two to four projections). Methods: The 3D reconstruction method uses a statistical model and a nonrigid registration technique to recover in 3D the shape and the BMD distribution of the proximal femur. The accuracy was evaluated in vivo by comparing 3D reconstructions obtained from simulated DXA images of 30 patients (using between one and four DXA views) with quantitative computed tomography reconstructions. Results: This comparison showed that the use of one single DXA provides accurate 3D reconstructions (mean shape accuracy of 1.0 mm and BMD distribution errors of 7.0%). Among the multiview configurations, the use of two views (0 • and 45 • ) was the best compromise, increasing the accuracy of pose (mean accuracy of 0.7
I. INTRODUCTION
Femur fractures due to osteoporosis affects about 18% of women over 50 years old. 1 Due to the increasing life expectancy, the World Health Organization (WHO) estimated that the number of osteoporotic femoral fractures in the world would increase up to 40% by 2025. 1 The diagnosis of osteoporosis and the prevention of femur fractures therefore present a major challenge for public health.
In clinical routine, osteoporosis diagnosis is performed using dual-energy x-ray absorptiometry (DXA). 2 From twodimensional (2D) DXA images, the areal bone mineral density (aBMD, the bone mineral content in a region of interest divided by the area) is computed to contribute to the diagnosis of osteoporosis. This 2D measurement of the "projected density" gives a global marker of osteoporosis but is insufficient for an accurate quantification of nonuniform mineral deficiencies.
Quantitative computed tomography (QCT) is one possible modality for retrieving shape and BMD measurements in 3D, 3 leading to a better characterization of the fracture risk. [4] [5] [6] However, due to high financial costs and a high radiation dose for the patient, this modality is rarely used in clinical routine for the followup of osteoporosis. 7 Therefore, methods were proposed to perform a 3D analysis from single-view or multiview DXA images.
Multiview DXA devices use a C-arm to acquire several DXA images with various view angles. Although they are not as widely deployed as single-view devices, such systems could open interesting perspectives for 3D modeling. Kolta et al. 8 proposed a 3D reconstruction method from two orthogonal DXA views (frontal and sagittal) by deforming a generic model of the femur onto the contours of the DXA image. However, this method is limited to the reconstruction of the femoral shape. Moreover, the contours of the femurs have to be manually segmented by an operator, which makes the method incompatible with clinical routine requirements. Overcoming these limitations, Ahmad et al. 9, 10 proposed an unsupervised method using a statistical tetrahedral model of shape containing information about the BMD distribution, in order to recover a 3D reconstruction of the femur from a set of four DXA views.
Reconstructing the femur in 3D from single-view DXA (one frontal view) is a scientific challenge that has not been much investigated. Langton et al. 11 proposed to deform a statistical template of the femoral shape to match anatomical landmarks manually digitized in the DXA image. This method, however, is limited to the 3D reconstruction of the femoral shape and, consequently, does not provide any 3D analysis of the BMD distribution. In a recent work, we proposed and evaluated an unsupervised 3D reconstruction method 12, 13 of the shape and BMD distribution from only one single-view DXA image, using a statistical model.
Among the above mentioned reconstruction methods of the femur, Refs. 8 and 10-12 have been evaluated in vitro using cadaveric specimens while only Refs. 9 and 13 have been applied in vivo. In clinics, the optimal DXA scanning configuration is still an issue under debate. What is the added value of multiview DXA in comparison with single-view DXA? How many views should be acquired? What view angle should be used? Adding more views increases the radiation dose to the patient, complicates the image acquisition protocol, and, above all, multiview DXA devices are more expensive and are not as widely deployed as single-view devices. It is therefore essential to define the optimal setup that maximizes the 3D reconstruction accuracy with respect to clinical practices.
To shed some light into these issues, this study aims at comparing the 3D reconstruction accuracy that can be obtained from one single-view DXA image to the accuracy that can be obtained from multiview DXA images, in an in vivo context. To perform our experiments, simulated DXA images were generated from in vivo QCT acquisitions of patients. Four configurations were tested (one to four views) with view angles between 0
• and 45
• with respect to the frontal view. The 3D reconstruction method that we recently proposed 13 was used to evaluate the accuracy that can be obtained from the tested configurations, in terms of pose (position and orientation), shape, and BMD distribution.
II. METHOD
The 3D reconstruction method is summed up in this section (for more details, please refer to Ref. 13 ). First of all, a statistical model is built from a database of QCT scans of proximal femurs. Using 3D-3D intensity-based registration methods, a point-to-point correspondence is established between all the femoral shapes and a voxel-to-voxel correspondence is found between the QCT volumes. Principal compo- nent analysis is then used to extract the principal modes of variation in terms of shape and BMD distribution (Fig. 1, left ). This statistical model is subsequently used to recover a 3D reconstruction from a 2D DXA image. In the current study, our previous work 13 developed from single-view DXA is extended in a straightforward manner to provide a 3D reconstruction from multiview DXA images, as explained below. To deal with the overlap between the pelvis and the femur, the operator is asked to manually identify the border of the acetabulum in each of the DXA images and the part of the femur below the lesser trochanter in the frontal DXA image. As in Ref. 13 this was used to create a binary mask defining the region of interest that will be used in the reconstruction process. Then, in a 3D-2D intensity-based registration process, the statistical model parameters (pose, scale, shape parameters, and BMD parameters) are optimized to maximize the similarity between the DXA images and digitally reconstructed radiographs (DRRs) generated form the projection of the model (Fig. 1, right) . This results in a 3D subject-specific reconstruction of the femur represented by a surface mesh and a volume of voxels for the BMD distribution.
III. METHOD EVALUATION
A previously collected database of patients 13 was used for the current study. It was composed of 115 subjects, collected at the CETIR Grup Mèdic (CDP Unit Esplugues, Esplugues de Llobregat, Spain). They were scanned using a Philips Gemini GXL 16 system (Philips Healthcare, Best, The Netherlands) with a pixel size ranging from 0.68 × 0.68 mm 2 to 0.96 × 0.96 mm 2 and a slice thickness between 0.5 mm and 1.0 mm. A calibration phantom (Mindways Software Inc., Austin, TX) was placed underneath the patient to relate the Hounsfield units of the CT scan to BMD values to obtain the QCT volumes. Out of the 115 patients, 85 were selected to build the statistical model using the QCT scan acquisitions (27 male and 58 female with a mean age of 55 ± 12 years). Following the WHO classification based on the T-score calculation, 1 this set includes 52 healthy subjects, 30 osteopenic, and 3 osteoporotic patients (average femoral neck aBMD of 0.9 ± 0.2 g/cm 2 ranging between 0.7 and 1.4 g/cm 2 ). The remaining 30 patients were used to validate the 3D reconstruction method (15 male and 15 female with an average age of 57 ± 12 years).
. Thirteen subjects had a normal aBMD whereas 13 had osteopenia and 4 had osteoporosis.
Since no multiview DXA images were available for the current study, simulated DXA images were generated from the QCT volumes of the 30 patients using a ray-casting technique.
14 This ray-casting technique performs a parallel projection of the QCT volumes in order to generate the simulated DXA and has shown its ability to provide realistic DXA images. 14 • ). Figure 1 shows an illustration of the "two views" configuration. The angle of 45
• was chosen as the maximum angle that avoided the superimposition of the pelvis onto the femoral neck. The frontal view (0 • ), standardly used in clinical practices, was used in all configurations and was determined to represent the minimum view angle. View angles lower than 0
• were not investigated, again, to limit the superimposition of the pelvis onto the femoral neck.
For each configuration, the 3D reconstructions obtained from single or multiview simulated DXA images were compared with their corresponding QCT volumes, which were regarded as the ground truth. The 30 QCT volumes were semiautomatically segmented using ITK-SNAP to obtain the femoral shape. Since the DXA images were simulated from the QCT volumes, the 3D reconstructions obtained were in the same coordinate system as their corresponding QCT volumes. Consequently, the QCT volumes can be used as references to estimate the accuracy of the reconstructions in terms of shape and BMD distribution but also in terms of pose. To do so, the 3D subject-specific shapes obtained from DXA images were rigidly aligned onto their corresponding QCT segmentation using the iterative closest point method. 16 The accuracy of the pose was estimated from the parameters of these rigid registrations (translations and rotations). In the particular case of single-view registration, the position accuracy in the direction of the normal of the DXA image (X axis) was not considered. In fact, since the simulated DXA images were generated from a parallel projection, the position of the model along the direction of projection was not optimized during the reconstruction process.
To evaluate the shape accuracy, point-to-surface distances between the rigidly aligned reconstructed shapes and the QCT segmented shapes were computed. The BMD distribution accuracy was subsequently estimated between the pairs of volumes, at each voxel of the subject-specific volumes obtained from DXA. This was done without any registration of the pairs of volumes, except for the single-view configuration, where the pairs of volumes were aligned along the X axis by optimizing the average of the mean squared error computed at each voxel. The volumetric BMD (vBMD, average of the BMD values for a given region of interest) was also computed for each reconstructed volume and compared to the vBMD of the corresponding QCT volume. Results were computed for the whole femur region as well as for the femoral neck and greater trochanter, the two most important regions for the estimation of femoral strength and fracture risk.
IV. RESULTS
The mean position accuracy, given by the rigid registration of the subject-specific shapes onto their corresponding QCT segmentation was between 0.5 mm and 0.7 mm (Table I, see Fig. 1 , right, for the definition of the axes). Adding more views did not improve the accuracy. On the other hand, the addition of a second view increased the orientation accuracy, mainly around the Y and Z axis (mean accuracy, respectively, of 3.5
• and 3.3
• for single-view against 1.2 • and 0.9
• for the "two views" configuration). The point-to-surface distances computed after the rigid alignment between the pairs of shapes showed that the multiview configurations did not improve the shape accuracy (mean distances of 1.0 mm for the whole femur, Table II ). The mean shape accuracy was 1.0 mm for the healthy subjects (n = 13), 1.1 mm for the osteopenic subjects (n = 13), and 1.0 mm for the osteoporotic subjects (n = 4) and this for both the "one view" and "two views" configurations.
The BMD distribution accuracy (Table III) Note: Mean (two root mean square error) of the point-to-surface distances between the pairs of shapes. Note: Mean (two root mean square error) of the absolute values of the differences at each voxel; % with respect to the range of BMD values observed in the QCT volumes in the specified regions.
femur) gives the estimation of a mean error of 7.0% for the single-view and 5.7% for the multiview configurations. The mean BMD errors were, for the healthy, osteopenic, and osteoporotic subjects, respectively, 7.6%, 6.7%, and 6.2% for the "one view" configuration 6.2%, 5.6%, and 5.2% for the "two views" configuration. Finally, the vBMD estimation accuracy was very slightly improved by the addition of a second view, with a correlation coefficient of 0.95 for the whole femur (single-view) and 0.96 using two views (Fig. 2) . A comparison between DXA images and the projections of the reconstructed BMD is shown in Fig. 3 for one of the patients.
V. DISCUSSION
This study aimed at comparing the accuracy of 3D reconstruction that can be obtained from one single-view and from several multiview DXA images and to find the optimal configuration to be used in a clinical context.
The reconstruction method from single-view DXA images presents an interesting potential for clinical applications, with a shape and BMD distribution accuracy almost as accurate as the one that can be obtained from multiview images. Only the pose estimation remains less accurate.
This improved pose accuracy offered by the multiview reconstruction method could however be interesting for future applications: modeling of the hip joint (pelvis, femur, and soft tissues), biomechanical simulation of femur fracture, etc. Here, the multiview configurations could be a good alternative to bring the level of accuracy required for such applications. Among the multiview configurations, the "two views" configuration appears to be the best compromise. No significant improvement was found by the addition of a third or a fourth view, meaning that two projections contain enough information to personalize the statistical model that was used in this study. There is no need to increase the acquisition time and radiation dose for the patient by adding additional views to obtain accurate 3D reconstructions.
This in vivo evaluation was performed from DXA images simulated from QCT acquisitions of patients, which presents certain advantages. In particular, this allowed us to evaluate the accuracy of position and orientation of the reconstructions obtained from DXA images, which would not have been possible using original DXA images since the models obtained from QCT and DXA would not have been in the same coordinate system. The use of simulated DXA is also a limitation of this study, even if ray casting techniques already demonstrated their ability to generate realistic DXA images from QCT. 14, 15 A study from real DXA images should therefore lead to similar results. However, it would be interesting, taking as a basis the results of the current study, to test the reconstruction method using multiview C-arm devices.
To conclude, among the multiview configurations, the use of two views (0 • and 45 • ) was the best compromise and constitutes a valuable solution for DXA medical systems equipped with a C-arm, which are starting to appear in clinics. However, the use of a single-view DXA image remains quite accurate to recover a 3D reconstruction of the shape and the BMD distribution, while being fully compatible with the current clinical practice, since most of the clinical sites are equipped with single-view DXA imaging devices. Our future work aims at using this versatile 3D reconstruction method in clinical routine (from single-view and from two views) and to provide an improved diagnosis of osteoporosis and a better estimation of fracture risk.
